Chemoresistance is a major barrier to effective chemotherapy of solid tumors, including head and neck squamous cell carcinoma (HNSCC). Recently, autophagy, a highly conservative intracellular recycling system, has shown to be associated with chemoresistance in cancer cells. However, little is known about how autophagy plays a role in the development of chemoresistance in HNSCC and how autophagy is initiated when HNSCC cells undergo cytotoxic stress. Here, we report that autophagy was activated when HNSCC cells are treated with the proteasome inhibitor bortezomib, proposed as an alternative chemotherapeutic agent for both primary and cisplatin-resistant HNSCC cells. Ablation of histone deacetylase 6 (HDAC6) expression and its activity in HNSCC cells significantly inhibited autophagy induction by altering the phosphorylation status of mammalian target of rapamycin and enhanced the bortezomib cytotoxicity. Similarly, a combination regimen of bortezomib and the histone deacetylase inhibitor trichostatin A abolished HDAC6 activity and decreased autophagy induction while significantly enhancing bortezomib-induced apoptosis in HNSCC cells. These data uncover a novel molecular mechanism indicating that HDAC6 may serve as a critical causal link between autophagy, apoptosis, and the cell survival response in HNSCC. A combination regimen resulting in regression of autophagy improves chemotherapeutic efficacy, thereby providing a new strategy to overcome chemoresistance and to improve the treatment and survival of HNSCC patients.
major cancer (3, 4) . Despite extensive efforts, few improvements in treatment have been made in the last 30 years, and the molecular basis of acquired chemoresistance in HNSCC remains largely unknown and continues to be a major complication for chemotherapy (5, 6) . Clearly, there is an urgent need for understanding mechanisms of therapy resistance and developing more effective novel chemotherapeutic treatment options to improve the survival of HNSCC patients.
Previously, we found that the proteasome inhibitor bortezomib (Btz; also known as PS-341) can induce apoptosis in both primary and cisplatin-resistant HNSCC cells by promoting endoplasmic reticulum (ER) stress through accumulation of cytotoxic protein aggregates (CPA) in the cytoplasm (7, 8) . However, clinical phase II studies on Btz-based regimens indicated that Btz alone exerted minimal cytotoxic effects in HNSCC patients (9, 10) . Interestingly, our subsequent studies revealed that Btz treatment in HNSCC cells elicited both ER stress-induced apoptosis and a coordinated pro-survival cellular response known as unfolded protein response (UPR) (11) . The UPR is an integral adaptive signaling pathway that has dual roles in cancer (12) . UPR can play a cytoprotective role by restoring the ER homeostasis through chaperone activity, resulting in diminished ER stress induced by the presence of cytotoxic CPA (12, 13) . On the contrary, UPR can play a catabolic role by inducing apoptosis when persistent ER stress exists (12) (13) (14) (15) .
Lately, autophagy has received greater attention due to its implications in pathological processes, including tumorigenesis, chemoresistance of malignancies, and neurodegeneration (16) . Autophagy is a highly conserved cellular degradation process that eliminates aggregated or unfolded/misfolded proteins and damaged organelles in response to stress or nutrient deprivation (17) (18) (19) . It was shown that autophagy provided protection for breast cancer cells against epirubicin, an anthracycline drug used for chemotherapy, and inhibition of autophagy resensitized the MCF-7 cells to epirubicin (20) . Moreover, accumulative studies imply that the UPR may involve the induction of autophagy under cellular stress (21) (22) (23) (24) . However, the detailed mechanisms and interaction between apoptosis, autophagy, and UPR remain largely unknown.
HDACs are a class of enzymes involved in histone modification, which epigenetically regulates accessibility of transcription factors to the gene promoter by acetylation or deacetylation of the histone depending on the nature and site of modifications (25) . Previously, we found that the combination treatment of Btz and the HDAC inhibitor TSA overcomes Btz resistance and synergistically increases Btz-induced apoptosis in numerous HNSCC cells in vitro and in vivo (11) . However, how TSA re-sensitizes the HNSCC cells, and the cross-talk between UPR, autophagy, and apoptosis to develop chemoresistance remains an important issue that needs to be addressed. Several studies have highlighted the role of HDAC6, an HDAC class IIB cytoplasmic tubulin deacetylase, in the clearance of CPAs through the formation of a single juxtanuclear inclusion body called the aggresome (26, 27) . The subsequent autophagic degradation of the aggresome to diminish the population of CPAs in the cytoplasm to alleviate ER stress upon proteasome inhibition and ER stress has been well established in multiple myeloma cells and isolated mouse embryo fibroblasts (28, 29) . HDAC6 has also been shown to deacetylate heat shock protein 90 (HSP90) and to modulate its chaperone activity to restore ER homeostasis (30) . Moreover, the aberrant expression of HDAC6 has been reported in HNSCC patient tissues (31) . Based on these findings, we hypothesized that HDAC6 might be a critical regulator of the cell protective response mediating the molecular network between ER stress, autophagy, and apoptosis to develop resistance to chemotherapy in HNSCC.
In this study, we show that treatment of HNSCC cells with Btz resulted in a potent induction of aggresome formation and autophagy, which was coupled with a diminished level of apoptosis. Simultaneous treatment of Btz and TSA inhibited aggresome formation, autophagy, and UPR induction, resulting in increased Btz-induced apoptosis. Consistently, knockdown of HDAC6 also drastically reduced aggresome formation, autophagy activation, and HSP expression and enhanced Btz-induced apoptosis in HNSCC cells. Mechanistically, we showed that inhibition of HDAC6 activity affected the kinase activity of autophagy initiator unc-51-like kinase 1 (ULK1) through mTOR in HNSCC cells.
Results

Btz Induces Both Autophagy and Apoptosis in HNSCC Cells
and Inhibition of Autophagy Enhances the Apoptosis-In our previous work, we showed that Btz induced apoptosis in HNSCC cell lines, including SCC1 and SCC23, which could be synergistically enhanced by TSA (7, 8, 11) . In this study, we explored whether Btz induced autophagy in these cells. During autophagy activation, microtubule-associated protein 1A/1B-light chain 3 (LC3)-I is conjugated to LC3-II (also known as LC3B) by lipidation (32) (33) (34) . Thus, LC3 has been widely used as an indicator of autophagy activation (35, 36) . Western blot analysis revealed that both LC3-I and LC3-II expression increased in a time-dependent manner in SCC1 cells following Btz treatment, indicating activation of autophagy (Fig. 1A) . To determine whether autophagy attenuated Btz-induced apoptosis, we stably knocked down autophagy protein 5 (ATG5) in SCC1 cells using shRNA (Fig. 1B) . ATG5 is known to be an essential protein required in the formation of the autophagosome, a cytosolic double-membrane vacuole that fuses with lysosomes (33, 34, 37) . Treatment with Btz showed a significant increase in apoptosis in ATG5-knockdown (ATG5KD) SCC1 cells compared with the control cells (Fig. 1, C and D) . Western blotting showed that ATG5 knockdown down-regulated autophagy activation but enhanced caspase-9 activation induced by Btz (Fig. 1E) . Additionally, knockdown of ATG5 using SMARTpool ATG5 siRNA (ATG5si) in SCC1 cells further confirmed that ATG5 knockdown enhanced Btz-induced apoptosis and caspase-9 activation ( Fig. 1, F-H) . Moreover, we found that ATG5 knockdown also enhanced apoptosis in SCC23 cells induced by Btz (Fig. 1, I and J). Collectively, these data indicate that autophagy might play an important role in decreased chemosensitivity in HNSCC cells.
Btz Triggers Both Aggresome Formation and Autophagy Induction in HNSCC Cells-Accumulation of unfolded or misfolded proteins in the cytoplasm can form CPAs, which require efficient disposal to reduce ER stress level and promote cell survival (14) . An increasing number of studies show that autophagy removes these protein aggregates in the form of the aggresome to promote tumor cell survival (18, 21, 38, 39) . We found that Btz treatment induced the accumulation of ubiquitylated unfolded or misfolded proteins in SCC1 cells ( Fig. 2A) . Immunofluorescence staining with anti-ubiquitin and anti-vimentin antibodies revealed aggresome formation in SCC1 cells as visualized by confocal microscopy. TSA is a broad type potent HDAC inhibitor, which has been known to inhibit zinc-dependent deacetylases, including class I, II, and IV HDACs (40, 41) . In contrast, the combined treatment of Btz and TSA failed to form the aggresome (Fig. 2B) . Instead, ubiquitylated protein aggregates were deposited in the cytoplasm diffusely. The number of the aggresomes formed in TSA-and Btz-treated SCC1 cells was also significantly reduced compared with Btz-treated SCC1 cells (Fig.  2C) . Similarly, TSA also significantly inhibited Btz-induced aggresome formation in SCC23 cells (Fig. 2D) .
Autophagy activation is associated with aggresome formation. We performed GFP-LC3 puncta formation assays to monitor Btz-induced autophagy in SCC1 cells using mammalian expression reports containing the human LC3 gene fused with the green fluorescent protein (GFP). Whereas Btz treatment alone induced GFP-LC3 punctate formation, TSA addition significantly inhibited Btz-induced autophagy activation using immunofluorescent assay (Fig. 3, A and B) . The flow cytometry analysis further confirmed the significant reduction of LC3 expression in SCC1 cells treated with Btz and TSA together compared with the Btz alone (Fig. 3C) . Western blot analysis also confirmed that TSA inhibited the expression of LC3B induced by Btz, and the blockage of LC3 degradation and autophagosome turnover at the lysosome using Baf revealed that LC3 was inhibited at the prior stage to the lysosomal degradation (Fig. 3D) . Consistently, we found that TSA also inhibited autophagy activation induced by Btz in SCC23 cells as determined by GFP puncta formation assays (Fig. 3E ), flow cytometry (Fig. 3F) , and Western blotting (Fig. 3G) .
HDAC6 Is Required for Aggresome Formation and Induction of Autophagy in HNSCC Cells-Recently, it has been shown that HDAC6 was involved in gathering scattered polyubiquitylated CPAs and transporting them to the microtubule organizing center to promote aggresome formation (26, 27) . To determine whether HDAC6 played a role in Btz-induced aggresome formation and autophagy induction in SCC cells, we stably knocked down HDAC6 using shRNA (HDAC6KD) in SCC1 cells (Fig. 4A ). In accordance with other studies, HDAC6 knockdown SCC1 cells treated with Btz showed disruption in aggresome formation compared with the control SCC1 cells treated with Btz (Fig. 4B) , and the number of the aggresomes in HDAC6 knockdown SCC1 cells was also significantly reduced (Fig. 4C) . We also used SMARTpool HDAC6 siRNA (HDAC6si) in SCC1 cells to provide a control for off-target knockdown effects, and we obtained similar results (Fig. 4, D-F) .
Moreover, GFP-LC3 punctate formation assays revealed that HDAC6 knockdown in SCC1 cells significantly inhibited autophagy induction ( HDAC6 Knockdown Significantly Enhances Btz-induced Apoptosis in HNSCC Cells-Previously, we found that TSA enhanced Btz-induced apoptosis in SCC cells. Interestingly, we found that TSA also attenuated HDAC6 activity that resulted in increased expression of acetyl tubulin in the presence of Btz, indicating TSA might inhibit autophagy through HDAC6 activity in SCC1 cells (Fig. 6A) . Consistently, we found that HDAC6 knockdown in SCC1 cells potently enhanced DNA fragmentation induced by Btz (Fig. 6B ). In addition, the knockdown of HDAC6 also promoted the activation of caspase-9 and -3 induced by Btz (Fig. 6C ) and apoptosis (Fig. 6D ). Apoptosis also increased in HDAC6si SCC1 cells treated with Btz (Fig. 6E ). Taken together, our results implicate that HDAC6 mediates chemoresistance in HNSCC cells by promoting an aggresome formation and autophagy induction under ER stress. under Btz treatment, we first examined the phosphorylation status of a series of kinases involved in autophagy induction regulation using HDAC6 knockdown and control SCC1 cells. ULK1 is a kinase regulating autophagy initiation and progression by phosphorylating Beclin 1 and recruiting a pro-autophagic VPS34 lipid kinase and ATG14L to initiate autophagosome formation (42) . Recent studies revealed that ULK1 activation was directly regulated by the different activation statuses of a pro-autophagic 5Ј AMP-activated protein kinase ␣ (AMPK␣) and an anti-autophagic mTOR (43) (44) (45) (46) (47) . Consistent with HDAC6 knockdown, Western blot analysis showed that the levels of acetyl tubulin (Lys-40) were increased in HDAC6 knockdown SCC1 cells. Interestingly, HDAC6 knockdown enhanced mTOR phosphorylation induced by Btz as determined by anti-phospho-mTOR (Ser-2448) antibodies (Fig. 7A) . In contrast, HDAC6 knockdown negligibly affected AMPK␣ phosphorylation in SCC1 cells (data not shown). Because mTOR activation could disrupt interaction between ULK1 and AMPK, we examined whether HDAC6 knockdown affected ULK1 phosphorylation mediated by AMPK. Western blot analysis showed that Btz-induced ULK1 phosphorylation (Ser-317) mediated by AMPK was partially inhibited. Consistently, we found that HDAC6 knockdown also reduced Beclin1 phosphorylation (Ser-93/96) induced by Btz in SCC1 cells. In addition, Western blot analysis showed that the restoration of HDAC6 rescued the Btzinduced autophagy activation by attenuating mTOR phosphorylation, ruling out off-target effect of shRNA (Fig. 7B) .
HDAC6 Promotes Autophagy through Phosphorylation of ULK1 via Inhibition of mTOR
Furthermore, knockdown of ULK1 using shRNA in SCC1 cells inhibited autophagy activation and Btz-induced apoptosis (Fig. 8,  A-C) . Consistently, ULK1 knockdown using siRNA (ULK1si) also significantly enhanced Btz-induced apoptosis in SCC1 cells (Fig. 8,  D and E) . These data together indicate that TSA enhances the cytotoxicity of Btz by inhibiting HDAC6 activity, which promotes mTOR activation to inhibit pro-survival autophagy induction through regulation of ULK1 in HNSCC cells.
Discussion
Although Btz was proposed as a potential alternative therapeutic regimen for HNSCC (7, 8, 11) , clinical trials on Btz-based regimens demonstrated that Btz treatment alone exerts minimal antitumor effects in HNSCC patients (9, 10) . In this study, we showed that HDAC6-dependent autophagy induced by Btz might be one of the potential mechanisms of chemoresistance. The inhibition of HDAC6 could enhance Btz-induced apoptosis. Mechanistically, we found that the inhibition of HDAC6 affected mTOR phosphorylation and ULK1 activation in the early stages of autophagy initiation. Previously, we have shown that TSA potentiated Btz-mediated apoptosis by inducing the expression of apoptotic genes. Our new results suggest that TSA might also sensitize HNSCC cells to Btz by inhibiting autophagy.
In normal mammalian cells, protein synthesis is tightly controlled and balanced by the capacity of the cellular ubiquitinproteasome system to degrade and prevent accumulation of unfolded or misfolded proteins, which can form toxic aggre- gates in the cytoplasm and result in activation of stress-induced apoptosis (14, 15) . However, in cancer cells, protein synthesis might be highly increased due to activated oncogenes promoting expression of mutant proteins and/or expression of excess proteins during tumorigenesis and tumor progression (15, 49) . This imbalance between the unfolded or misfolded protein load and ubiquitin-proteasome system is managed by overexpressing components of the UPR in multiple cancers to prevent cell death (14, 15, 49) . UPR is an ER-mediated pro-survival mechanism network associated with numerous intracellular signal transduction pathways to regulate and maintain ER homeostasis in response to accumulation of unfolded proteins in its lumen (14) . UPR can modulate expression of molecular chaperones such as HSPs and/or activate autophagy machinery to remove large quantities of accumulated unfolded proteins before they can form toxic protein aggregates (14, 15) . Thus, UPR and autophagy have become key components in cancer cell survival and a critical complication to overcome resistance against chemotherapeutic agents such as proteasome inhibitors in various cancers (22) . Previously, we found that Btz treatment activated the cytoprotective ER transmembrane stress-sensing kinase-mediated UPR in HNSCC cells (7, 11) , resulting in up-regulation of activating transcription factor 4 (ATF4). Along with our findings, a recent article (50) revealed that increased protein kinase R-like endoplasmic reticulum kinase (PERK) and ATF4 activation can subsequently up-regulate transcription of LC3 in HNSCC cells. In this study, we were able to show that Btz activated autophagy, and the disruption of autophagy resulted in increased levels of apoptosis. Interestingly, our previous study found that a combination regimen of TSA and Btz synergistically induced ER stress apoptosis by increasing Noxa expression in HNSCC cells and reducing tumor growth in vivo (11) . Our data demonstrate that concomitant treatment of TSA and Btz disrupts aggresome formation and inhibits autophagy, allowing CPAs to remain in the cytoplasm to apply persistent ER stress to induce apoptosis. Because of continued stress, UPR might switch from a cytoprotective role to a catabolic role, contributing to the enhanced apoptosis. Because HDAC6 plays a critical role in autophagy activation, we consistently found that knockdown of HDAC6 also enhanced Btz-induced apoptosis by inhibition of autophagy and UPR. Involvement of HDAC6 in aggresome formation and UPRmediated autophagy is well established in many neurodegenerative disease studies and has recently been implicated in chemoresistance (26) . Concomitantly, our data also show a critical role for HDAC6 in aggresome formation upon accumulation of unfolded/misfolded proteins followed by the Btz treatment in HNSCC cells. In addition to these findings, our data also suggest that HDAC6 might be involved in the activation of mTOR, which regulated autophagy initiation under ER stress in HNSCC cells in addition to their known roles to control autophagosome maturation and the fusion of autophagosomes to lysosomes (26, 51) . Recently, Zhu et al. (52) also reported that HDAC6 is involved in modulating the phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt)-mTOR pathway in cerebral cortex neurons prepared from neonatal mice. mTOR and AMPK are known to directly regulate activation of ULK1, the initiating kinase for autophagosome formation and progression of autophagy (45, 47) . mTOR inhibits autophagy by phosphorylating ULK1 serine 757, whereas AMPK promote autophagy by phosphorylating ULK1 at serine 317, 555, and 777 (45, 53) . Our data demonstrate that ablation of HDAC6 activity enhances phosphorylation of mTOR, resulting in decreased phosphorylation of ULK1 induced by AMPK and autophagy induction. However, because HDAC6 activity is inseparable from aggresome formation, we cannot determine whether HDAC6 alone specifically regulates autophagy initiation or aggresome formation. Moreover, it will be interesting to examine how HDAC6 interacts with mTOR signaling. HDAC6 has been found to be highly expressed in HNSCC tissues (31) . Based on our results, it is possible that HDAC6 might be a critical regulator of the cell protective response mediating the molecular network between ER stress, autophagy, and apoptosis to develop resistance to chemotherapy in HNSCC. Our results suggest that targeting HDAC6 might help to overcome HNSCC chemoresistance. 
Experimental Procedures
Cell Culture and Reagents-HNSCC cell lines SCC1 and SCC23 were obtained from Dr. Thomas Carey at the University of Michigan. These cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% FBS with 1% penicillin/ streptomycin (Invitrogen) at 37°C with 5% carbon dioxide. Btz was dissolved in DMSO as a 10 mM stock solution and stored at Ϫ80°C (LLC Laboratories). TSA and bafilomycin A1 (Baf) were dissolved in DMSO and stored at Ϫ20°C (Sigma).
Transfection-HDAC6 siRNA and scramble siRNA were purchased from Santa Cruz Biotechnology. Each siRNA consisted of pools with three to five target-specific 19 -25-nucleotide siRNAs designed to knock down target gene expression. Cells were transfected with siRNAs using Lipofectamine RNAiMax (Invitrogen). Lentiviral expression vector was constructed using pLKO.1 cloning vector (Addgene). The sequence with no known homology (scramble) is 5Ј-CCTAAGGTT AAGTCGCCCTCG-3Ј; the HDAC6 targeted sequence is 5Ј-GGATGGATCTGAACCTTGAGA-3Ј; and the ATG5 targeted sequence is 5Ј-CTTTGATAATGAACAGTGAGA-3Ј. The insert was subcloned into AgeI and EcoRI sites of the pLKO.1 vector. The pLKO human ULK1 shRNA 8 (plasmid 27633) was purchased from Addgene. The human pcDNA-HDAC6-FLAG plasmid (30482) was purchased from Addgene (48) . Virus production was performed according to the protocol provided by Addgene using 293T viral packaging cells. 48 h after the transfection, the media containing viruses were collected and used for infection. Infected cells were incubated for 48 h and then selected with puromycin (2 g/ml) for 2 weeks.
Cell Viability Assays and Annexin V Apoptosis Assays-Control and stable ATG5, HDAC6, or ULK1 knockdown cells were seeded on 12-well culture plates at 2 ϫ 10 5 cells per well. Cells were then treated with the chemotherapeutic agents. 24 h after treatment, viability of the cells was determined using trypan blue staining or annexin V apoptosis assay. FITC annexin V apoptosis detection kit II was purchased from Pharmingen, and the experiments were done according to the manufacturer's instruction.
Western Blotting-Cells were collected and lysed with whole cell lysate buffer from Sigma with 1/100 protease inhibitor mixture. 40 g of lysates were separated by 8 -15% SDS-PAGE and transferred to a PVDF membrane using semidry transfer apparatus from Bio-Rad. The membranes were incubated with bodies to LC3, caspase-3, and cleaved caspase-3, caspase-9 and cleaved caspase-9, acetyl tubulin (Lys-40), phosphor-ULK1 (Ser-317), ULK1, phosphor-mTOR (Ser-2448), mTOR, GADPH, phosphor-Beclin1 (Ser-93/96), and Beclin1 were purchased from Cell Signaling Technology. Antibodies to ubiquitin were purchased from Santa Cruz Biotechnology. Antibodies to ␣-tubulin were purchased from Sigma. Autophagy Assay, Immunofluorescence Staining, and GFP-LC3 Puncta Formation Assay-pBABE puro LC3-GFP plasmid (Plasmid 22405) was purchased from Addgene. Retroviruses expressing LC3-GFP were packaged in 293T cells. Cells were infected with retroviruses expressing LC3-GFP for 24 h and then treated with Btz and/or TSA. Cells were plated onto chamber slides and treated with Btz and/or TSA for 24 h. Cells were stained with an anti-ubiquitin antibody overnight and then incubated with appropriate secondary antibodies conjugated with fluorophore for 1 h to visualize ubiquitin localization. 4Ј,6-Diamidino-2-phenylindole (DAPI; Life Technologies, Inc.) staining was done for 5 min to detect nuclei. Slides were examined for ubiquitin-positive inclusion bodies using a Nikon Eclipse TE 2000E inverted microscope and captured images with a Leica SP2 MP-FLIM confocal microscopy. The presence of ubiquitin-positive inclusion bodies was considered indicative of intracellular aggregate formation, and the aggregates were quantified in five different fields. Analysis of LC3 staining was also done with flow cytometry by following the protocols described by Shvets and Elazar (32) .
Quantitative Real Time PCR-Total RNA was isolated from cells using TRIzol reagent (Invitrogen), and cDNA was synthesized with oligo(dT) primers using Moloney murine leukemia virus reverse transcriptase (New England Biolabs). Quantitative reverse transcriptase-PCR was carried out with iQ SYBR Green supermix (Bio-Rad) on an iCycler iQ real time PCR detection system (Bio-Rad). The primers for PCR are as follows: GAPDH, 5Ј-ATCATCCCTGCCTCTACTGG-3Ј and 5Ј-CTGCTTCACCACCTTCTTGA-3Ј; ATG5, 5Ј-GTT-GATGTAAACCTAAAGTGC-3Ј and 5Ј-TGTGAACAAT-CATATTCAGA-3Ј; and HDAC6, 5Ј-CAAGGAACACAG TTCACCTTCG-3Ј and 5Ј-GTTCCAAGGCACATTGA TGGTA-3Ј. All samples were run in triplicate in the same culture plate.
Statistical Analysis-Experiments presented in the figures are representative of at least three independent repetitions. Statistical analyses performed with SPSS 23.0 were used in data processing for the unpaired or paired t test and one-way analysis of variance. p values Ͻ 0.05 were considered significant.
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